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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Dissimilar metal welds between ferritic and austenitic alloys are used extensively in power generation plants. Failure 
of such welds can occur in the base metal, the heat-affected zone (HAZ), or the interface between the two materials, 
depending on the operating stress and temperature. Evaluation of the creep rupture properties of dissimilar weld 
joints of 2.25Cr-1Mo (P22) and 9Cr-1MoVNb (P91) ferritic steels with INCONEL 82 filler metal are described, 
with the primary focus on failure at the interface. The interface is modelled as a cohesive, or interface, zone within a 
finite element (FE) analysis. A Kachanov-type damage accumulation law is implemented to describe the response 
wit in the interface element, with the material parameters calibrated against available experimental data. The 
relationship between the damage echanics model and the major microstructural features that are responsible f r 
failure, is discussed. 
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Nomenclature 
α Coefficient of thermal expansion  
e
ij  Elastic strain of bulk element 
cr
ij  Creep strain of bulk element 
th
ij               Thermal strain of bulk element 
0           Strain rate at a reference stress 0   n             Power-law creep stress exponent of bulk element 
n (t)      Normal (tangential) separation of cohesive element 
Tn (Tt)     Normal (tangential) traction of cohesive element 
an (at)      Normal (tangential) elastic constant of cohesive element 
bn (bt)      Normal (tangential) creep constant of cohesive element 
c            Critical crack opening separation 
ncr          Normal separation of cohesive element resulted from creep 
             Damage variable of cohesive element 
m             Power-law creep constant of cohesive element 
1. Introduction 
The dissimilar metal welding process has become a critical technology in many areas where an object is subject to 
heterogeneous working conditions Mvola et al. (2014). It is used to connect metals with different characteristics, 
providing a means of integrating the advantages of different constituent materials, and hence enables designers to 
achieve practical, low-cost solutions to engineering requirements. Dissimilar metal welded joints (DMWs) between 
different grades of ferritic steels or between ferritic steels and austenitic stainless steels are used extensively in the 
power generation and petrochemical industries Clark et al. (2014), Laha et al. (2012). Mutual solubility in these 
types of DMWs is ensured by buttering or surfacing several layers of nickel based weld filler metal, such as 
INCONEL 82/182, on the ferritic steel before joining to the austenitic steel Laha, Chandravathi et al. (2012), DuPont 
(2012). With an intermediate coefficient of thermal expansion (CTE) between the two steels, use of the INCONEL 
filler metal can also reduce the residual stress produced when these DMWs are heated to elevated temperatures in 
service. Weldments are sometimes characterized by a very sharp transition in microstructure, physical properties, 
chemical composition and, as a result, mechanical properties. A variety of failure modes associated with these types 
of DMWs has been identified during monotonic creep rupture tests of planar components or pipes Yamazaki et al. 
(2008). In general, the failure can be classified into three categories: in the base metal; in the heat affected zone 
(HAZ, Type IV failure); and along the interface between one of the steels and the filler metal. It is understood that 
the dominance of each mode may depend on the geometry, operating temperature, applied stress level and multi-
axial stress state of the component. Changes in these environmental conditions may lead to changes of failure mode. 
A comprehensive understanding of the DMW failure mechanisms and when a given mechanism dominates is yet to 
be achieved. 
In this paper we are interested in creep failure when the ferritic steel is 9Cr-1MoVNb (P91) and/or 2.25Cr-1Mo 
(P22) and the filler material is austenitic INCONEL 82 or 182 (Inco82/182). Experimental studies of different 
DMWs (P22 or P91 ferritic steels welded to Alloy 800 using Inco182 as the filler metal) have been conducted at the 
Indira Gandhi Centre for Atomic Research Laha, Chandravathi et al. (2012). Their results are shown in Fig. 1 for a 
test temperature of 823K. For both DMWs, interface failure dominates at low stresses and long times to failure. In 
addition, in the double logarithmic plot of Fig. 1, a transition of slope of the trend lines can be clearly seen when the 
mode changes to interface failure. Moreover, it has been observed that interface failure for both DMWs 
predominantly occurred at the ferritic/austenitic interface. In steam power generating plant, DMWs consisting of 
P91/Inco82/P22 are used extensively. In these systems, the primary mode of failure can occur at either of the 
ferritic/austenitic interfaces in service. Thus in-depth theoretical and computational studies are required to 
understand this mechanism in order to accurately predict the failure location and creep rupture life of DMW 
components. 
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Abstract 
Dissimilar metal welds between ferritic and austenitic alloys are used extensively in power generation plants. Failure 
of such welds can occur in the base metal, the heat-affected zone (HAZ), or the interface between the two materials, 
depending on the operating stress and temperature. Evaluation of the creep rupture properties of dissimilar weld 
joints of 2.25Cr-1Mo (P22) and 9Cr-1MoVNb (P91) ferritic steels with INCONEL 82 filler metal are described, 
with the primary focus on failure at the interface. The interface is modelled as a cohesive, or interface, zone within a 
finite element (FE) analysis. A Kachanov-type damage accumulation law is implemented to describe the response 
within the interface element, with the material parameters calibrated against available experimental data. The 
relationship between the damage mechanics model and the major microstructural features that are responsible for 
failure, is discussed. 
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ij  Elastic strain of bulk element 
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c            Critical crack opening separation 
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1. Introduction 
The dissimilar metal welding process has become a critical technology in many areas where an object is subject to 
heterogeneous working conditions Mvola et al. (2014). It is used to connect metals with different characteristics, 
providing a means of integrating the advantages of different constituent materials, and hence enables designers to 
achieve practical, low-cost solutions to engineering requirements. Dissimilar metal welded joints (DMWs) between 
different grades of ferritic steels or between ferritic steels and austenitic stainless steels are used extensively in the 
power generation and petrochemical industries Clark et al. (2014), Laha et al. (2012). Mutual solubility in these 
types of DMWs is ensured by buttering or surfacing several layers of nickel based weld filler metal, such as 
INCONEL 82/182, on the ferritic steel before joining to the austenitic steel Laha, Chandravathi et al. (2012), DuPont 
(2012). With an intermediate coefficient of thermal expansion (CTE) between the two steels, use of the INCONEL 
filler metal can also reduce the residual stress produced when these DMWs are heated to elevated temperatures in 
service. Weldments are sometimes characterized by a very sharp transition in microstructure, physical properties, 
chemical composition and, as a result, mechanical properties. A variety of failure modes associated with these types 
of DMWs has been identified during monotonic creep rupture tests of planar components or pipes Yamazaki et al. 
(2008). In general, the failure can be classified into three categories: in the base metal; in the heat affected zone 
(HAZ, Type IV failure); and along the interface between one of the steels and the filler metal. It is understood that 
the dominance of each mode may depend on the geometry, operating temperature, applied stress level and multi-
axial stress state of the component. Changes in these environmental conditions may lead to changes of failure mode. 
A comprehensive understanding of the DMW failure mechanisms and when a given mechanism dominates is yet to 
be achieved. 
In this paper we are interested in creep failure when the ferritic steel is 9Cr-1MoVNb (P91) and/or 2.25Cr-1Mo 
(P22) and the filler material is austenitic INCONEL 82 or 182 (Inco82/182). Experimental studies of different 
DMWs (P22 or P91 ferritic steels welded to Alloy 800 using Inco182 as the filler metal) have been conducted at the 
Indira Gandhi Centre for Atomic Research Laha, Chandravathi et al. (2012). Their results are shown in Fig. 1 for a 
test temperature of 823K. For both DMWs, interface failure dominates at low stresses and long times to failure. In 
addition, in the double logarithmic plot of Fig. 1, a transition of slope of the trend lines can be clearly seen when the 
mode changes to interface failure. Moreover, it has been observed that interface failure for both DMWs 
predominantly occurred at the ferritic/austenitic interface. In steam power generating plant, DMWs consisting of 
P91/Inco82/P22 are used extensively. In these systems, the primary mode of failure can occur at either of the 
ferritic/austenitic interfaces in service. Thus in-depth theoretical and computational studies are required to 
understand this mechanism in order to accurately predict the failure location and creep rupture life of DMW 
components. 
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In the present work, we investigate interface failure by creep rupture of two DMW systems; P91/Inco82 and 
P22/Inco82, subject to uniaxial loading at 823 K (perpendicular to the dissimilar interface), through an analytical and 
computational cohesive zone modelling approach. This approach has been proven to be robust in capturing the 
development of damage and subsequent growth of the cracks in nonlinear fracture processes Park and Paulino 
(2012). An appropriate cohesive zone model incorporating a Kachanov-type damage accumulation law is 
implemented in ABAQUS to simulate interface failure of each of these DMW systems. Parameters are calibrated 
against available failure data obtained by Laha and his co-workers Laha, Chandravathi et al. (2012) as shown in Fig. 
1. The relationship between the calibrated parameters and the microstructural features is also discussed.  
 
 
Fig. 1. Comparison of creep rupture lives of P91 (P22) base metals and dissimilar welded joints P91 (P22) / INCONEL 182 / Alloy 800. Data is 
extracted from Laha, Chandravathi et al. (2012). 
2. Modelling of interface failure by creep 
2.1. Deformation of bulk materials 
A DMW system consists of two base metals and heat affected zone (HAZ) as well as the interface region. For 
each material, the base metal and HAZ may have different creep constitutive properties Laha, Chandravathi et al. 
(2012), Kumar et al. (2016). For simplicity, in the present study we ignore the variation in properties between base 
metal and HAZ and regard them as identical homogeneous and isotropic bulk materials. Deformation consists of 
thermo-elasticity and creep, where creep is described by an empirical steady state power-law model. Tertiary creep 
in the bulk material is simply ignored since at low stresses failure at the interface occurs much earlier than initiation 
of the tertiary stage in the bulk. Therefore, the general multiaxial form of the total strain rate for the bulk materials 
can be written as the sum of the elastic, creep and thermal strain rate tensors: 
1
0
0 0
1 3
1 2
n
ije cr th e
ij ij ij ij ij kk ij temp
s TE
           
              
                                          (1) 
where E and  are Young’s modulus and Poisson’s ratio, respectively, ij is the Kronecker delta, σe is the true 
effective stress (Von Mises stress), sij is the true deviatoric stress, α is the linear coefficient of thermal expansion 
(CTE), tempT is the rate of change of temperature, 0 is the strain rate at a reference stress σ0 and n is the steady state creep exponent. Throughout this paper we employ a reference stress of 100 MPa. The material constants employed 
in the finite element (FE) analysis described below are listed in Table 1. 
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     Table 1. Thermo-elastic and creep constants for bulk materials at 823 K. 
Material E (GPa)  0  (h-1) n αൈ ૚૙ି૟ /K 
P91 174 0.3 1.0310-10 9.8 12.5 
P22 169 0.3 2.8810-6 6.3 14.6 
Inco82 182 0.3 5.7310-14 11.6 15.0 
2.2. Cohesive zone model of damage accumulation in the interface region 
The interface region of each DMW system is modeled as a cohesive zone in the FE framework. Deformation and 
failure at the interface can be described by the evolution of the tractions and separation experienced by the cohesive 
elements. Details of the theoretical background of classical cohesive zone models can be found in Park and Paulino 
(2012). Classical models are rate independent and employ a relationship between the tractions, T, and separation, .  
Here, however, we employ a new rate dependent model to reflect the gradual accumulation of damage with time 
under creep conditions. Motivated by the classical continuum damage mechanics approach pioneered by Kachanov 
(1999), we adopt a phenomenological rate-dependent traction-separation rate relationship of the form: 
0 01 (1 ) 1 (1 )
m m
e cr e crn n n t t tn n n n t t t t
a T T a T Tb bT T        
                   
                                    (2)             
where  and T are separation and traction respectively, T0 is a constant reference traction, which we take as being 
equal to σ0, a and b are elastic and creep constants and m is a creep exponent. Subscripts “n” and “t” refer to normal 
and tangential directions respectively.  is a Kachanov-type damage variable. , ( , )e cr e crn n t t       represent normal (tangential) elastic and creep separation rates. Use of a power-law creep traction-separation rate relationship 
resembles that employed in classical damage mechanics models, but m can be different from the creep exponent n in 
the bulk material. We further assume that damage accumulation in the cohesive elements is related directly to the 
normal separation. A number of different forms can be developed to describe . In this study,  is simply 
formulated as the ratio between the accumulated normal creep separation crn and a prescribed critical separation c. 
crn c                                                                                                                                                        (3) 
 equals unity when crn c  , leading to failure in the cohesive element. Finally, use of the damage variable in both 
elastic and creep parts in Eq. (2) is able to describe the degradation of both elastic and creep property as the damage 
gradually accumulates. This type of model is consistent with assumptions employed in conventional continuum 
damage mechanics displacement-based models, which have been demonstrated, Wen et al. (2013), to be much 
simpler, with fewer fitting parameters than the stress-based law originally proposed by Kachanov (1999).  
2.3. Two-dimensional DMW plates and cohesive element 
Here we explore how the above creep damage models (Eqs. 2 and 3) can be used to capture the interface failure 
of DMW systems through numerical simulation using the commercial package ABAQUS. We limit our present 
study to two-dimensional problems. Two DMW plates (P91/Inco82, P22/Inco82) are chosen for the FE 
computations (Fig. 2), which are 90 mm long and 6 mm wide. Load and boundary conditions are also shown in Fig. 
2. The interface region is represented by an inserted thin layer (0.005 mm thickness) of user-defined two-
dimensional linear cohesive elements, each of which consists of two lines and four nodes (Fig. 2). In the current 
computational implementation, the order of the nodes of a cohesive element is counterclockwise. Each node has two 
degrees of freedom and a cohesive element has a total of eight nodal displacements. The cohesive element connects 
the faces of adjacent bulk elements, i.e. they share the same surface and nodes. The two surfaces of the interface 
cohesive elements separate as the adjacent elements deform. Local coordinates transform as the body deforms and 
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where E and  are Young’s modulus and Poisson’s ratio, respectively, ij is the Kronecker delta, σe is the true 
effective stress (Von Mises stress), sij is the true deviatoric stress, α is the linear coefficient of thermal expansion 
(CTE), tempT is the rate of change of temperature, 0 is the strain rate at a reference stress σ0 and n is the steady state creep exponent. Throughout this paper we employ a reference stress of 100 MPa. The material constants employed 
in the finite element (FE) analysis described below are listed in Table 1. 
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     Table 1. Thermo-elastic and creep constants for bulk materials at 823 K. 
Material E (GPa)  0  (h-1) n αൈ ૚૙ି૟ /K 
P91 174 0.3 1.0310-10 9.8 12.5 
P22 169 0.3 2.8810-6 6.3 14.6 
Inco82 182 0.3 5.7310-14 11.6 15.0 
2.2. Cohesive zone model of damage accumulation in the interface region 
The interface region of each DMW system is modeled as a cohesive zone in the FE framework. Deformation and 
failure at the interface can be described by the evolution of the tractions and separation experienced by the cohesive 
elements. Details of the theoretical background of classical cohesive zone models can be found in Park and Paulino 
(2012). Classical models are rate independent and employ a relationship between the tractions, T, and separation, .  
Here, however, we employ a new rate dependent model to reflect the gradual accumulation of damage with time 
under creep conditions. Motivated by the classical continuum damage mechanics approach pioneered by Kachanov 
(1999), we adopt a phenomenological rate-dependent traction-separation rate relationship of the form: 
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where  and T are separation and traction respectively, T0 is a constant reference traction, which we take as being 
equal to σ0, a and b are elastic and creep constants and m is a creep exponent. Subscripts “n” and “t” refer to normal 
and tangential directions respectively.  is a Kachanov-type damage variable. , ( , )e cr e crn n t t       represent normal (tangential) elastic and creep separation rates. Use of a power-law creep traction-separation rate relationship 
resembles that employed in classical damage mechanics models, but m can be different from the creep exponent n in 
the bulk material. We further assume that damage accumulation in the cohesive elements is related directly to the 
normal separation. A number of different forms can be developed to describe . In this study,  is simply 
formulated as the ratio between the accumulated normal creep separation crn and a prescribed critical separation c. 
crn c                                                                                                                                                        (3) 
 equals unity when crn c  , leading to failure in the cohesive element. Finally, use of the damage variable in both 
elastic and creep parts in Eq. (2) is able to describe the degradation of both elastic and creep property as the damage 
gradually accumulates. This type of model is consistent with assumptions employed in conventional continuum 
damage mechanics displacement-based models, which have been demonstrated, Wen et al. (2013), to be much 
simpler, with fewer fitting parameters than the stress-based law originally proposed by Kachanov (1999).  
2.3. Two-dimensional DMW plates and cohesive element 
Here we explore how the above creep damage models (Eqs. 2 and 3) can be used to capture the interface failure 
of DMW systems through numerical simulation using the commercial package ABAQUS. We limit our present 
study to two-dimensional problems. Two DMW plates (P91/Inco82, P22/Inco82) are chosen for the FE 
computations (Fig. 2), which are 90 mm long and 6 mm wide. Load and boundary conditions are also shown in Fig. 
2. The interface region is represented by an inserted thin layer (0.005 mm thickness) of user-defined two-
dimensional linear cohesive elements, each of which consists of two lines and four nodes (Fig. 2). In the current 
computational implementation, the order of the nodes of a cohesive element is counterclockwise. Each node has two 
degrees of freedom and a cohesive element has a total of eight nodal displacements. The cohesive element connects 
the faces of adjacent bulk elements, i.e. they share the same surface and nodes. The two surfaces of the interface 
cohesive elements separate as the adjacent elements deform. Local coordinates transform as the body deforms and 
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rotation of the elements is taken into account in the simulations. More detailed description of how to implement 
these transformations can be found in Park and Paulino (2012), Yu et al. (2012). 
 
 
Fig. 2. A schematic of two-dimensional P91/Inco82 or P22/Inco82 DMW system subject to uniaxial loading. The interface is modelled as a 
cohesive zone filled with two-dimensional four-node linear cohesive elements and damage can accumulate in these elements.  
2.4. Computational scheme 
For the DMW system shown in Fig. 2, we employ the in-built power-law creep model provided by ABAQUS for 
the bulk elements, while the rate-dependent traction-separation rate law (Eq. 2) is implemented in the cohesive 
elements through a User Element Library Subroutine (UEL). The analysis requires convergence in the solution of 
stress and strain in the bulk elements as well as tractions and separations in the cohesive elements. At the beginning 
of each time increment, quantities that are provided by ABAQUS to the UEL include the current time increment 
(t), nodal displacement and displacement increment, which then provide the normal and tangential separation 
increments (n, t). In addition, the normal and tangential tractions (Tn, Tt) from the last increment are also stored 
as state variables and are used as the initial values at the beginning of the increment. The Newton-Raphson iteration 
method is used to determine the change of normal and tangential tractions (Tn, Tt) over the increment and the 
values at the end of the increment (Tn+Tn, Tt+Tt). The global Newton scheme for solving the incremental FE 
equations also requires specification of the evolution relationships T/ or T/, which can be derived from Eq. 
(2). To achieve stability of numerical integration, a semi-implicit integration scheme is chosen. 
2.5. Mesh sensitivity study 
In the simulations, two-dimensional four-node isoparametric elements CPS4 are used for the bulk elements. 
These elements are compatible with the shape functions employed in the newly developed linear cohesive elements. 
Refined meshes are generated close to the interface region to reveal accurate stress distributions. The sensitivity of 
the FE model to the fineness of the interface mesh has been investigated through the simulation of creep crack 
growth along the interface. Taking the P91/Inco82 DMW system subject to a constant stress of 200 MPa at 823 K 
normal to the interface as an example, cases with 25, 50, 100, 200 and 400 cohesive elements are selected, which are 
equally distributed along the interface. An initial crack at the top edge with a length of 0.24 mm is pre-generated by 
deleting different numbers of cohesive elements (e.g. 1 from the case with 25 elements and 8 from the case with 200 
elements, considering the total width of 6 mm shown in Fig. 2). Material parameters for the bulk materials are given 
in Table 1. As a result of the mismatch in material properties across the interface, the crack tip sees a combined 
mode I and mode II loading. We do not explore the degree of mode mixity here and how the choice of parameters 
for the cohesive element influences this and the rate of crack growth. In the simulations presented here parameters 
for the cohesive zone model of Eqs. 2 and 3 are considered to be the same in the normal and tangential directions. In 
addition, values of elastic properties (an, at in Eq. 2) are chosen to make the interface stiff compared to the bulk 
material. Taking the values of an=at =110-6 mm/MPa, bn=bt=110-12 mm/h, c=510-8 mm, m=3, T0=100 MPa, the 
simulated creep crack growth result is shown in Fig. 3. The creep crack propagation rate increases with time. 
Convergence can be observed as the number of cohesive elements increases. In the subsequent calibration, we 
simply select the case of 200 cohesive elements as a reasonable representation of the interface.   
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Fig. 3. Creep crack propagation test of P91/Inco82 DMW system subject to 200 MPa at 823 K considering different numbers of cohesive 
elements along the interface 
2.6. Calibration of cohesive zone creep properties 
In this section, we calibrate the creep properties of the cohesive zone in the two systems without any initial 
cracks. For simplicity, elastic constants remain the same as used in the mesh sensitivity study (an=at =110-6 
mm/MPa). First, from Eqs. (2) and (3), the damage accumulation rate in each cohesive element can be written as 
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We divide the calibration process into two steps. In step 1, we initially assume that the normal traction along the 
interface is constant and equal to the applied stress. The damage accumulation rate is then uniform for each cohesive 
element and all the elements fail at the same time. The time to failure at a given stress can then be obtained by 
directly rearranging and integrating Eq. (4), noting that the =0 at time t=0 and 1 when t= tf. Then 
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Using a double logarithmic scale, Eq. (5) can be rewritten as 
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where Tn is simply the applied stress normal to the interface. Eq. (6) can be directly used to fit Laha’s interface 
failure data (Fig. 1) for each DMW system Laha, Chandravathi et al. (2012). The fitted result is summarized in 
Table 2. Note that two independent parameters are required to fit the data, c / bn and m. 
                        Table 2. Creep properties directly fitted from Laha’s data Laha, Chandravathi et al. (2012) 
DMW system m c / bn (h) 
P91/Inco82 4.48 4.93105 
P22/Inco82 3.93 4.28104 
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rotation of the elements is taken into account in the simulations. More detailed description of how to implement 
these transformations can be found in Park and Paulino (2012), Yu et al. (2012). 
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where Tn is simply the applied stress normal to the interface. Eq. (6) can be directly used to fit Laha’s interface 
failure data (Fig. 1) for each DMW system Laha, Chandravathi et al. (2012). The fitted result is summarized in 
Table 2. Note that two independent parameters are required to fit the data, c / bn and m. 
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In practice the tractions at the interface are not uniform due to elastic, thermo- and creep mismatch between the 
adjacent bulk materials. Damage grows preferentially and cracks initiate in region where a high interface stress is 
generated, i.e. where the interface meets a free surface. These cracks then propagate along the interface and the 
specimen eventually fails. Therefore, in step 2, we simulate this process, initially using the parameters generated in 
the first step and then systematically adjust the parameters in the model (keep m constant but adjust c /bn) until the 
ABAQUS simulations agree with the experimental results. The newly calibrated parameters and simulated creep 
rupture life of each DMW system at different applied stresses are shown in Fig. 4(a) together with Laha’s interface 
failure data and trend lines (Fig. 1). Detailed values of c and bn are not provided since it is found that, in step 1, the 
rupture life depends only on the ratio of c / bn. For a comparison, the creep rupture life obtained with 400 cohesive 
elements with the same calibrated parameters is also shown in Fig 4(a). No obvious difference can be observed 
between the results with 200 and 400 elements, indicating the reliability of using 200 elements to model the 
interface. One example of damage evolution along the interface of each DMW system at different selected periods is 
provided in Fig. 4(b) & (c). In both systems, a crack has initiated from both edges and gradually propagates towards 
the centre of the specimen. Once the cracks have propagated across about a quarter of the width of the specimen, the 
rate of propagation increases substantially and extremely small time steps are required for the solution to converge 
at each increment and to capture the full details of the crack growth process up to final separation. The overall time 
to failure, is however, well approximated by the time at which the simulations are allowed to terminate (which 
corresponds to a time increment of 110-8 h to achieve convergence). The converged value of c /bn at the end of step 
2 is 22% higher than that computed in step 1 for the P91/Inco82 DMW system and 100% higher for the P22/Inco82 
DMW system. Further, Fig. 4(b) & (c) show that most time in the P91/Inco82 DMW system has been used to 
initiate a crack while damage can accumulate faster and a crack can initiate at a relatively earlier stage in the 
P22/Inco82 DMW system. These features can be attributed to different extent of the mismatch in creep properties 
between the two systems. Taking parameters from Table 1 it is evident that there is a larger difference in creep rates 
between P22 and Inco82 than P91 and Inco82. A larger mismatch gives a higher stress concentration at the free 
surface, a faster rate of damage accumulation and crack nucleation earlier in life. It also means that creep crack 
growth is more important in determining the life of the P22/Inco82 system compared to that predicted from the 
average accumulation of creep damage. 
 
 
Fig. 4. (a) Experimental and simulated creep rupture life of each DMW system using 200 or 400 cohesive elements (CE) along interface; trend 
lines are also shown; Examples of damage evolution are given along (b) P91/Inco82 interface and (c) P22/Inco82 interface at different periods. 
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3. Micromechanical aspects of damage development 
In this paper we have used a simple Kachanov damage variable  , empirically defined as the ratio between the 
normal creep separation  and a prescribed critical separation (Eq. 3), to describe damage development within the 
interface. Laha, Chandravathi et al. (2012) have described the microstructural changes that occur at the interface 
leading up to failure. They demonstrate that, for both the P91/Inco82 and P22/Inco82 systems, carbides nucleate and 
grow at the interface throughout the life. These provide preferential sites for cavities to nucleate, grow and coalesce 
to cause separation at the interface. Cocks and Ashby (1982) and Cocks and Ponter (1989) have explored the 
relationship between micromechanical and empirical Kachanov models and demonstrate that if a single process 
dominates the life it is possible to map from one description to the other. In situations where multiple processes 
determine the life, simple single damage parameter models may not be able to adequately capture the constitutive 
response. It remains to be determined whether the simple model presented here can capture the important features of 
damage development and crack growth in dissimilar metal welds. In situations where the models are deficient the 
approach described here can be readily extended to more elaborate multi-state variable micromechanical models. 
4. Conclusion 
Creep rupture at 823 K with failure at dissimilar weld interfaces of two dissimilar metal weld (DMW) systems 
(P91/Inco82 and P22/Inco82) has been investigated, adopting a cohesive zone modelling approach in ABAQUS. A 
Kachanov damage model has been developed to describe the degradation of elastic-creep properties and to simulate 
interface failure. Creep parameters have been calibrated against the interface failure data obtained by Laha, 
Chandravathi et al. (2012). Difference in the captured damage accumulation along the interface of the two systems 
has been attributed to the mismatch in creep properties of the bulk materials. Microstructural models of the 
evolution of precipitates and cavities at the interface can be employed to inform a more detailed physical model of 
damage accumulation. 
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grow at the interface throughout the life. These provide preferential sites for cavities to nucleate, grow and coalesce 
to cause separation at the interface. Cocks and Ashby (1982) and Cocks and Ponter (1989) have explored the 
relationship between micromechanical and empirical Kachanov models and demonstrate that if a single process 
dominates the life it is possible to map from one description to the other. In situations where multiple processes 
determine the life, simple single damage parameter models may not be able to adequately capture the constitutive 
response. It remains to be determined whether the simple model presented here can capture the important features of 
damage development and crack growth in dissimilar metal welds. In situations where the models are deficient the 
approach described here can be readily extended to more elaborate multi-state variable micromechanical models. 
4. Conclusion 
Creep rupture at 823 K with failure at dissimilar weld interfaces of two dissimilar metal weld (DMW) systems 
(P91/Inco82 and P22/Inco82) has been investigated, adopting a cohesive zone modelling approach in ABAQUS. A 
Kachanov damage model has been developed to describe the degradation of elastic-creep properties and to simulate 
interface failure. Creep parameters have been calibrated against the interface failure data obtained by Laha, 
Chandravathi et al. (2012). Difference in the captured damage accumulation along the interface of the two systems 
has been attributed to the mismatch in creep properties of the bulk materials. Microstructural models of the 
evolution of precipitates and cavities at the interface can be employed to inform a more detailed physical model of 
damage accumulation. 
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